We investigated the impacts of novel surfactants on oxide chemical mechanical polishing ͑CMP͒ performance. Silica-based potassium hydroxide was formulated for this study. Two polymeric surfactants, methyl methacrylate ͑MMA͒-based CHE and siloxane-based SHE, were added to the slurry for evaluation. Particle size, viscosity, surface tension, and contact angle of slurries were characterized. Without surfactant, the silica-based slurry withstood up to 8.5 wt % of solid loading before the silica abrasives segregate and settle. With the addition of surfactant, however, the slurry held up to 15 wt % of solids without segregation. The CHE-added slurry yielded higher viscosity and higher oxide CMP removal rate than SHE-added slurry, while the latter exhibited better colloidal dispersion characteristics and lower within-wafer nonuniformity. Chemical mechanical polish ͑CMP͒ has become the standard ultralarge scale integrated circuit ͑ULSI͒ manufacturing process for sub-0.25 m Si devices. Despite the proliferation of CMP, however, much of the basic mechanism involved remains obscure for this technology. In the open literature, controversy and ambiguity persist and the basic mechanisms are not yet well understood. For example, for most of the commercially available slurries, the active chemical components, such as surfactant ͑dispersion agent͒, are usually considered proprietary and not disclosed to the users. Although it is generally agreed upon that the dispersion characteristics of slurry is critical to the polishing performance, in the open literature little is available regarding the roles of surfactants and their effects on dispersion characteristics of CMP slurries. One study 1 identified the type of surfactants used in alumina-based slurries for W-CMP. However, the basic mechanism of surfactants in CMP slurries has not yet been investigated systematically.
Chemical mechanical polish ͑CMP͒ has become the standard ultralarge scale integrated circuit ͑ULSI͒ manufacturing process for sub-0.25 m Si devices. Despite the proliferation of CMP, however, much of the basic mechanism involved remains obscure for this technology. In the open literature, controversy and ambiguity persist and the basic mechanisms are not yet well understood. For example, for most of the commercially available slurries, the active chemical components, such as surfactant ͑dispersion agent͒, are usually considered proprietary and not disclosed to the users. Although it is generally agreed upon that the dispersion characteristics of slurry is critical to the polishing performance, in the open literature little is available regarding the roles of surfactants and their effects on dispersion characteristics of CMP slurries. One study 1 identified the type of surfactants used in alumina-based slurries for W-CMP. However, the basic mechanism of surfactants in CMP slurries has not yet been investigated systematically.
In this investigation, we synthesized two different surfactants and evaluated their roles in slurries and impacts on CMP performance. Dispersion characteristics of slurries with and without surfactants were investigated by measuring the particle size in the slurries. Wetting agent was also added to the slurries to improve the contact along the slurry/wafer interface. Viscosity and contact angle of slurries were monitored and slurry pH was adjusted to examine the influence on CMP performance. CMP removal rate and withinwafer nonuniformity ͑WIWNU͒ were compared between CHE-and SHE-added slurries. The underlying mechanisms responsible for the differences in dispersion characteristics and CMP performances are also discussed.
Experimental
The slurries formulated in this study contained 15 wt % fumed silica abrasives ͑Aerosil70 from Degussa͒, 0.15 wt % surfactant, and 0.15 wt % wetting agent. In addition, 0.005 wt % citric acid was added as pH buffer, 0.24 or 0.43 wt % KOH solution was added to adjust the pH to 10.0 or 10.5, respectively. Two types of surfactants were synthesized and evaluated in this study: the siloxane-based SHE and MMA-based ͑methyl methacrylate͒ CHE. Their chemical formula are shown in Fig. 1 . 2 Both are solution-derived polymers with weight-average molecular weight in the range of 2000 to 3000. 2 Particle size in the slurry was measured by an Autosize 4700 laser beam scattering system at a wavelength of 488 nm. Dynamic contact angle between slurry and wafer surface was calculated from weight difference during the advancing and recession of a wafer sample ͑measured 20 ϫ 10 mm).
For oxide CMP tests, the oxide thin films were prepared by plasma-enhanced chemical vapor deposition ͑PECVD͒ on 150 mm p-type Si wafers, employing SiH 4 ϩN 2 O gas chemistry. CMP experiments were conducted on an IPEC372M polish platform with IC1400 pad and the experimental slurries formulated in our labs. The applied down force pressure was 5 psi ͑32.8 kN/m 2 ͒ throughout the study. The platen and carrier rotation were fixed at 20 and 25 rpm, respectively. The CMP removal rate was recorded as the five wafer average taken at nine points on each wafer. Within-wafer nonuniformity ͑WIWNU͒ was defined as the difference between maximum and minimum removal rates divided by two times the average removal rate.
Results
The measured mean particle size in the slurries is plotted as a function of abrasive concentration ͑in wt %͒ in Fig. 2 for slurries with and without surfactants. The slurry with no added surfactant ͑i.e., slurry A͒ had a significantly larger particle size than those with surfactants ͑slurries B and C͒. In addition, particle size of slurry A increased rapidly for silica abrasive concentration greater than 7.5 wt %, and, finally, agglomeration and gellation occurred and the dispersion characteristics were severely degraded, when solid concentration exceeded 8.5 wt %.
On the other hand, slurry B ͑with CHE as surfactant͒ and slurry C ͑with SHE as surfactant͒ both exhibited stable dispersion characteristics over the solid concentration range investigated. The latter also yielded smaller particle size, suggesting a better dispersion capability.
Surface tension of SHE-added and CHE-added slurries is plotted against the surfactant concentration in Fig. 3 . In this case, no abrasive particle or wetting agent was added and the pH was maintained at 10.0. At concentration less than 5 ϫ 10 Ϫ4 g/L, surface tension was basically the same for the two slurries. As surfactant concentration increased beyond 10 Ϫ3 g/L, however, surface tension of SHEadded slurry dropped much more rapidly than that of CHE-added slurry. This result provides further support for the hypothesis that SHE-added has a better dispersion capability than CHE-added slurry, because the lower surface tension of the former suggests better adsorption of the slurry on particle surface and hence better dispersion capability.
Basic characteristics of experimental CMP slurries formulated for this study are summarized in Table I . Slurries 1, 2, 3, and 4 contain SHE as surfactant while their respective counterparts, slurries 5, 6, 7, and 8 comprise CHE as surfactant. As shown in this Table, addition of CHE in the silica-based slurries gave rise to higher viscosity and larger contact angle in general, compared with SHE. Also, the median particle size in both groups of slurries was about the same, despite the size variation. The addition of wetting agent brings considerable improvement to the wettability of slurries on the oxide surface, as evidenced from the dynamic contact angle measurements.
CMP removal rates ͑RR͒ with the experimental slurries are shown in Fig. 4A . Cross comparison between this figure and Table I indicates that CHE-added slurries give rise to higher removal rates consistently higher than SHE-added slurries with the same pH and chemical additives ͑e.g., slurry 1 vs. slurry 5͒. The addition of wetting agent also increased the removal rates significantly ͑e.g., slurry 1 vs. slurry 2͒. As to WIWNU, SHE-added slurries were lower than CHE-added slurries, as shown in Fig. 4B . This can be attributed to the better dispersion capability of SHE as discussed previously. Addition of wetting agent into the slurry also helps reduce WIWNU.
Note that the removal rates achieved in this study are rather low for practical industrial applications. This is due mainly to the relatively low down force and velocities used. In a separate test adopting higher down force ͑7 psi͒ and velocities ͑carrier/platen ϭ60/45 rpm͒, an average oxide removal rate of 2245 Å/min was achieved with slurry no. 6, which is comparable to common CMP practice. 
Discussion
When dissolved in high pH ͑Ͼ10͒ solution, silica abrasive particles react with hydroxyls to form Si-OH and Si-O Ϫ bonds on the surface. These partially hydrated particles can be further catalyzed by OH Ϫ and cluster together to form silica aggregate. Time permitting, these aggregates will chain together to form network agglomerates or even gellation, leading to sedimentation of abrasives in the slurry. 3 Surfactants are added into slurries to provide either electrostatic barriers or steric barriers between particles for the prevention of aggregation.
As shown in Fig. 1 , SHE and CHE can be classified as nonionic surfactants with the same hydrophilic tail that carries no charge. They differ, however, in their hydrophobic groups, siloxane and MMA, respectively. Because siloxane is lighter in weight than MMA, SHE will have a higher hydrophile-lipophile balance ͑HLB͒ number, 4 suggesting a higher water solubility and hence better solubilizing capability than CHE.
From another standpoint, the Si-OH bonds on abrasive silica surface would act as proton donors and form hydrogen bonds with the hydrophobic groups of the surfactants. Because silicon has a lower electronegativity than carbon ͑2.20 vs. 2.55͒, 5 the siloxane groups of SHE are attracted more strongly to the Si-OH bonds on silica surface than the groups of CHE. As a consequence, the hydrophobic group of SHE ͑e.g., siloxane͒ orient and adsorb more readily on a silica surface than its counterpart in CHE ͑e.g., MMA͒, leading to better dispersion characteristics.
Based on the arguments above, the underlying mechanism for the differences in dispersion characteristics between the two surfactants can be described as follows. While the hydrophilic groups, being the same in the two cases, orient toward the water ͑slurry͒ molecules, the stronger yet lighter hydrophobic groups in SHE are oriented and adsorbed more strongly onto silica surface than those in CHE. This results in better ''isolation'' between particles, yet higher solubility of the colloidal dispersion of the SHE-added slurry, as manifested by its lower surface tension ͑Fig. 2͒, lower viscosity and larger contact angle ͑Table I͒.
Regarding CMP performance, the differences between the two slurries may also originate from their dispersion characteristics. Addition of surfactant into the slurry has been shown to decrease the removal rates.
1 This is attributed to the reduction in the effective size of abrasives in the presence of surfactant, hence decreasing the mechanical removal rate. In another study by the same group, however, the W-CMP removal rate was found to increase with decreasing particle size and increasing solid loading. 6 This contradiction is explained by the competition between contact-area dominated polishing and indentation-based polish mechanism. 7 At a fixed solid concentration, the removal rate is proportional to the total contact area between abrasive particles and wafer surface. As a consequence, smaller particles correspond to larger contact area and hence higher RR. In the indentation polish mechanism, RR is proportional to the total indentation volume, which in turn is directly related to the particle size.
In the current study, however, solid concentration was the same in both cases and particle size in CHE-added slurry was only marginally larger than that in SHE-added slurry. Therefore, it is doubtful that this subtle difference in particle size could account for the significant removal rate difference ͑up to ϳ40%͒ between the two slurries, assuming that polishing operated on the indentation mechanism. More likely, the higher removal rate of CHE-added slurry originated from accelerated chemical process ͑e.g., hydrolysis of oxide in the slurry͒ or other nonmechanical processes. Further experiments are ongoing to verify this hypothesis. Despite this ambiguity, WIWNU of SHE-added slurry can be attributed in part to its better dispersion characteristics, which give better slurry/wafer contact and hence more uniform polishing.
In this study, the addition of wetting agent into the slurries marked a significant increase in removal rate. This can be attributed to the enlarged contact area caused by the wetting agent between the wafer and abrasive particles, rendering a more hydrophilic oxide surface in favor of a more rapid hydrolysis reaction of oxides with the OH Ϫ radicals in the slurries. Also worth noting in this study is the effect of pH on dispersion characteristics and polish performance. Because of the lack of charge groups in the polar Si-OH surface of silica, pH was expected to have a less pronounced effect upon adsorption. This is reflected in the data in Table I , where viscosity and contact angle are virtually the same between, for example, slurries 1 and 3, and 2 and 4. The higher removal rate of higher-pH slurries was simply the consequence of enhanced hydration reaction of oxide wafer surface under stronger ionic strength of ͓OH Ϫ ͔, as found in many previous studies. 8 
Conclusion
In this preliminary study, we investigated the influence of two polymeric surfactants, SHE and CHE, on the dispersion characteristics and CMP performance of silica-based alkaline slurries. At a fixed abrasive particle concentration, SHE-added slurries exhibit lower viscosity, lower surface tension, higher contact angles, and slightly smaller particle size than CHE-added slurries. The superior dispersion characteristics of SHE-added slurry is also reflected by its lower CMP WIWNU. CHE-added slurry, on the other hand, gives rise to higher CMP removal rate despite its relatively inferior colloidal suspension.
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